Aquaporin-4 (AQP4) is a water-selective transport protein expressed in glial cells throughout the central nervous system. AQP4 deletion in mice produces alterations in several neuroexcitation phenomena, including hearing, vision, epilepsy, and cortical spreading depression. Here, we report defective olfaction and electroolfactogram responses in AQP4null mice. Immunofluorescence indicated strong AQP4 expression in supportive cells of the nasal olfactory epithelium. The olfactory epithelium in AQP4-null mice had identical appearance, but did not express AQP4, and had ϳ12-fold reduced osmotic water permeability. Behavioral analysis showed greatly impaired olfaction in AQP4-null mice, with latency times of 17 ؎ 0.7 vs. 55 ؎ 5 s in wild-type vs. AQP4-null mice in a buried food pellet test, which was confirmed using an olfactory maze test. Electroolfactogram voltage responses to multiple odorants were reduced in AQP4null mice, with maximal responses to triethylamine of 0.80 ؎ 0.07 vs. 0.28 ؎ 0.03 mV. Similar olfaction and electroolfactogram defects were found in outbred (CD1) and inbred (C57/bl6) mouse genetic backgrounds. Our results establish AQP4 as a novel determinant of olfaction, the deficiency of which probably impairs extracellular space K ؉ buffering in the olfactory epithelium.-Lu, D. C., Zhang, H., Zador, Z., Verkman, A. S. Impaired olfaction in mice lacking aquaporin-4 water channels. FASEB J. 22, 000 -000 (2008)
Aquaporin-4 (AQP4) is a water-selective transport protein expressed in plasma membranes of glial cells throughout the brain and spinal cord. Studies in AQP4 knockout mice have implicated the involvement of AQP4 in water movement into and out of the brain (1, 2) , in migration of glial cells (3, 4) , and in neuroexcitation phenomena. With regard to neuroexcitation, mice lacking AQP4 manifest reduced auditory brainstem responses (5) , reduced electroretinogram potentials (6, 7) , reduced seizure susceptibility (8) , increased seizure duration (9) , and slowed dynamics of cortical spreading depression (10) . Although not expressed in excitatory cells (neurons in brain, bipolar cells in retina, hair cells in inner ear), AQP4 is expressed in closely associated "supportive" cells, including glial cells in the brain, Müller cells in the retina, and Claudius/ Hensen cells in the inner ear. How AQP4 deficiency results in altered neuroexcitation is not known; postulated mechanisms include altered extracellular space K ϩ handling (11) and volume (12, 13) .
AQP4 protein expression has been reported in the rat olfactory system, including basal cells, Bowman's glands, and olfactory epithelial cells (14, 15) . The olfactory epithelium (OE) is a remarkable sensory organ capable of distinguishing thousands of odors at low concentrations (16, 17) . Cell bodies of olfactory receptor neurons (ORNs) lie in a pseudostratified epithelium and are protected from the outside environment by an apical layer of supportive sustentacular cells. Each ORN extends a dendrite to the luminal surface, where it terminates in a specialized structure, the dendritic knob. Long, nonmotile olfactory cilia (18) , which contain olfactory receptors, extend from the dendritic knob and rest within a mucous layer on the surface of the OE. Basal cells on the basolateral surface of the OE differentiate to produce new ORNs.
Here, based on AQP4 expression in the rat in cell types likely involved in olfaction and the involvement of AQP4 in several nonolfactory neuroexcitatory phenomena, we tested the functional role of AQP4 in olfaction. We found by behavioral analysis greatly impaired olfaction in AQP4-null mice and investigated the cellular basis of this phenotype by determination of OE water permeability, electroolfactogram (EOG) responses, and AQP4 expression pattern.
MATERIALS AND METHODS

Mice
AQP4-null mice in a CD1 (outbred) genetic background were generated at the University of California, San Francisco (UCSF) by targeted gene disruption, as described (19) . Mice in a C57/bl6 (inbred) genetic background were generated by Ͼ8 back-crosses. Eight-to 12-wk-old weight-matched wild-type and AQP4-null mice were used. Mice were maintained in air-filtered cages and fed normal mouse chow in the UCSF animal care facility. All procedures were approved by the UCSF Committee on Animal Research.
Olfaction behavioral testing
Two independent behavioral tests of olfaction were carried out, with the experimenter blinded to genotype information in all trials. The well-established "buried food pellet" test was used, as described (20, 21) . The buried food pellet test, through the use of Purina mouse chow pellets (PMI Nutrition International, Inc., Richmond, IN, USA), eliminated the need for pretraining to associate an exogenous food odor. Mice were placed on a food-restricted diet (0.2 g chow/ mouse/24 h) for 3 days before testing and during the 4-day experimental period. Mice had free access to water. Before the first experimental trial, the mice were familiarized with the experimental setting by placement in the enclosure for 10 min daily over the 3 days prior to trials. One trial was conducted daily for each of the 3 testing days. In each trial, a single mouse was placed in a test cage (45ϫ24ϫ20 cm) to recover a 0.5 g food pellet that was buried ϳ0.5 cm below the surface of a 3 cm deep layer of mouse bedding material. The location of the pellet was changed daily at random. The latency time was recorded and defined as the time between placement of the mouse in the cage and grasping the food pellet with its forepaws or teeth. Mice were allowed to consume the pellet and then returned to their cage. The bedding in the test chamber was changed between trials. As a control, a visible pellet test was done identically, except that the food pellet was placed randomly on top of the bedding. This control test was carried out on all mice after each daily trial, and mice were allowed to consume the food pellet.
In the "olfaction maze" test, a maze bounded by a circular wall with a 76.2 cm diameter (diagrammed in Fig. 1B ) was constructed . Within this circular enclosure were placed fixed, open corners, evenly spaced within the perimeter. The corners allowed odorants such as a food pellet to be hidden from sight but detected by smell. Mice were placed on a foodrestricted diet as described above for 3 days before testing and during the 3-day experimental period. Before the first experimental trial, the mice were familiarized with the maze by placement in the maze for 10 min daily over the 3 days prior to trials. For the experimental trial, a mouse was placed at the center of the maze, and a 0.5 g Purina mouse chow pellet was placed at random behind one of the corners. The latency was defined as the time between mouse placement in this maze and discovery and grasping of the food pellet. The mouse was allowed to consume the pellet before returning to its cage. After each trial, the platform was cleaned with 70% ethanol, then water, to remove dirt and odorants. As a control, after each experimental trial, mice were exposed to a visible food pellet in which the 0.5 g pellet was placed at the perimeter of the circular enclosure without the corners.
EOG
The method for EOG preparation was adopted from Scott et al. (22) , with minor modifications. EOG measurements were done without the knowledge of mouse genotype. Immediately before electrophysiological recording, mice were anesthetized with intraperitoneal Avertin (125 mg/kg) and decapitated. The nasal septum and midline aspect of the nasal epithelium over the endoturbinate bones were surgically exposed under an operating microscope, and hemisectioning along the sagittal suture was done with a surgical blade. The hemisection was immobilized with moldable clay in a trans-parent perfusion chamber. The chamber was perfused with humidified air at 100 cc/min constant flow under continuous suction. An injection port in which odorants could be introduced was located near the OE. Teflon TM -coated tubing was used to prevent odor contamination. To prevent drying of the mucosal surface 50 l of PBS was periodically dripped onto the OE. Odorants representing different chemical classes were tested, including C2-8 aldehydes, ketones, esters, alcohols, and carboxylic acids. Saturated vapors from compounds to be tested were drawn into a Teflon-coated glass syringe and 1, 5, 10, or 20 cc of the vapor was injected into the perfusion chamber over 500 ms during EOG recordings.
The method of EOG recording was adapted from Ottoson (23) . Recording electrodes with tip diameter ϳ1 m were pulled from borosilicate capillary glass tubing (Sutter Instruments, Novato, CA., USA) and filled with PBS. Tip resistance was ϳ3 M⍀. The recording electrode was positioned at the center of the first (most anterior) turbinate, where the consistently greatest responses to odorants were found. The Ag/AgCl reference electrode was placed on the frontal bone near the cribiform plate. Electrodes were connected to a high-gain, high-impedance electroencephalogram amplifier module of a MP100 data acquisition system (Biopac Systems, Inc., Goleta, CA, USA). Signals were low-pass filtered at 30 Hz and digitized at 125 Hz.
Osmotic water permeability measurements
A calcein-quenching method was used in which intracellular calcein fluorescence is quenched instantaneously by cytoplasmic proteins and hence sensitive to cell volume (24) . The OE was exposed as described above. Small fragments of the epithelium were isolated and stained with calcein by incubation with 5 M calcein-AM (Invitrogen, Eugene, OR) for 30 min at 37°C. A perfusion chamber modified from an open bath slice chamber (RC-26; Warner Instruments, Hamden, CT, USA) was positioned on the stage of an inverted epifluorescence microscope (Nikon Diaphot; Nikon, Tokyo, Japan). The OE, apical surface facing down, was stabilized by 2 nylon meshes (1 mm grid spacing; Fig. 2A ). The chamber volume was ϳ350 l, giving a measured solution exchange half-time of Ͻ400 ms at 50 ml/min perfusion rate. Solutions bathed all surfaces of the epithelium. The time course of cytoplasmic calcein fluorescence was measured at room temperature in response to cell swelling/shrinking produced by exchange of perfusate between PBS and hypotonic PBS (diluted 1:1 with water). Calcein fluorescence was detected using an objective lens (ϫ25, long working distance Fluro, Nikon) focused within the OE. The microscope was equipped with stabilized halogen light source, calcein filter set (480 nm excitation, 490 nm dichroic mirror, 535 nm emission filter), photomultiplier detector, and 14 bit analog-to-digital converter.
Immunohistochemistry and immunofluorescence
Mice were anesthetized by intraperitoneal Avertin (125 mg/ kg) and perfused transcardially with 4% paraformaldehyde in PBS. The mice were decapitated, and then the nasal cavity was dissected and postfixed for 24 h in paraformaldehyde at 20°C. Tissues were dehydrated with increasing concentrations of ethanol, treated with clearing agent, and embedded in paraffin. Some sections were deparaffinized and stained with hematoxylin and eosin using standard procedures. For immunofluorescence, epitope exposure was enhanced by incubation in citrate buffer (10 mM sodium citrate, 0.05% Tween 20, pH 6.0; 30 min, 95-100°C). Sections were blocked with bovine serum albumin (3%), incubated with rabbit anti-AQP4 antibody (1:500, Chemicon, Temecula, CA, USA) and goat anti-olfactory marker protein (OMP) antibody (1:500, Wako Chemicals, Richmond, VA, USA) and detected using Texas Red donkey anti-rabbit (1:100; The Jackson Laboratory, Bar Harbor, ME, USA) or FITC donkey anti-goat secondary antibody (1:200, Molecular Probes, Eugene, OR). Immunofluorescence was done similarly on isolated, fixed cells immobilized on coverslips, using rabbit anti-AQP4 antibody (1:500) and goat anti-OMP antibody (1:5000), and detected using Texas Red donkey-anti-rabbit (1:200) or fluorescein isothiocyanate donkey anti-goat secondary antibody (1:200). Cell nuclei were stained with 4Ј,6-diamidino-2-phenylindole (DAPI). The OE from nasal turbinates was transferred to Ca 2ϩ -and Mg 2ϩ -free Hanks' medium, minced into ϳ1 mm fragments, and washed. Cells were enzymatically dissociated by incubation in 0.1% collagenase at 37°C for 5 min. After washing in Ca 2ϩ -and Mg 2ϩ -free Hanks' medium, cells (ϳ10 4 per coverslip) were immobilized on 12 mm diameter round glass coverslips coated with concanavalin A.
RESULTS
Impaired olfaction in AQP4-null mice
Behavioral analysis of olfaction was performed first using the well-established buried food pellet recovery test, in which the latency is measured for food-deprived mice to find a buried food pellet (20, 21) . Figure 1A shows a significantly greater latency time for AQP4-null mice on each of the trial days. The difference was seen in both outbred (CD1) and inbred (C57/bl6) genetic backgrounds. As control, the latency time for recovery of a visible food pellet did not differ significantly in wild-type and AQP4-null mice.
A second set of behavioral olfaction studies was done using an independent method to confirm defective olfaction in AQP4-null mice. As described in Materials and Methods, we devised an olfactory maze test in which the latency is measured for mice to recover a hidden food pellet, as diagrammed in Fig. 1B (inset) .
Latency times were significantly greater for the AQP4null mice, in both outbred and inbred genetic backgrounds, in each of the trials (Fig. 1B ). No significant difference in latency times was found in the control visible food pellet test. These results establish defective olfaction in AQP4-null mice. To investigate the cellular mechanisms responsible for defective olfaction, we conducted functional studies of water permeability and electrical responses in OE and determined the cellular expression pattern of AQP4.
Reduced water permeability and EOG responses in OE
To determine whether AQP4 in the OE is functional as a plasma membrane water channel, we measured the apparent osmotic water permeability of the OE. A calcein fluorescence quenching method was used in which the kinetics of cytoplasmic calcein fluorescence was recorded in response to externally applied osmotic gradients. Measurements were made on calcein-stained OE using a perfusion chamber designed for rapid solution exchange ( Fig. 2A) . Because all surfaces of the OE are perfused and subjected to osmotic gradients, this method measures the composite responses of all cell types in the OE, and cannot distinguish individual cell types. The objective lens was focused on a volume in the OE containing both calcein-stained ORNs and supportive cells ( Fig. 2A, inset) . Figure 2B , left panel, shows the time course of calcein fluorescence in response to changes in perfusate osmolarity between 300 and 150 mosmol. Osmotic equilibration was remarkably slowed in the AQP4-null OE. Averaged osmotic equilibration rates (reciprocal exponential time constants, ) are summarized in Fig. 2B, right panel, showing significant, ϳ12-fold slowing in AQP4-null OE ( Ϫ1 0.30Ϯ0.03 s Ϫ1 , wild type vs. 0.025Ϯ0.006 s Ϫ1 , AQP4 null). These studies indicate functional plasma membrane expression of AQP4 in the OE. Figure 1 . Impaired olfaction in AQP4-null mice shown by behavioral testing. Olfactory performance was tested in buried food pellet and olfactory maze tests as described in Materials and Methods. A) Buried food pellet test. The latency for mice (CD1 and C57/bl6 genetic backgrounds) to recover a buried food pellet was recorded on each of 3 consecutive testing days (meanϮse, 10 mice/group; *PϽ0.001, paired t test). Latency times not significantly different in control visible pellet test (Pϭ0.16 for CD1, Pϭ0.31 for C57/bl6; control data shown from last testing day). B) Olfactory maze test. The latency for mice (CD1 and C57bl6 genetic backgrounds) to recover a hidden food pellet was recorded (meanϮse, 10 mice per group; *PϽ0.001, paired t test). Latency times not significantly different in control visible pellet test (Pϭ0.21 for CD1; Pϭ0.28 for C57/bl6). Inset: schematic of maze.
To assess whether the reduced water permeability of the AQP4-null OE results in impaired olfactory signaling, primary olfactory signaling was determined by EOG analysis (23) , which measures odorant-induced field potentials across the OE. Compounds from several chemical classes were initially tested on CD1 (Fig. 3A) and C57/bl6 (data not shown) mice, producing similar results. Representative original EOG recordings are shown in Fig. 3A . Though curve shapes were similar, the amplitudes of the voltage responses were lower in AQP4-null OE. No voltage response was seen with application of odorant-free air. Figure 3B shows EOG recordings from wild type and AQP4-null OE in response to increasing doses of triethylamine. Reduced EOG responses were seen in AQP4-null OE for each of the doses. Figure 3C summarizes the voltage response data, showing significantly reduced responses at all triethylamine doses (20, 10, 5, 1 cc) in AQP4-null mice in CD1 and C57/bl6 genetic backgrounds. These results indicate impaired electrophysiological responses to odorants in AQP4 deficiency, accounting for the defective olfaction observed in behavioral studies.
AQP4 expression in OE
The studies above indicate functional impairment in olfactory signaling in AQP4-deficient OE. To rule out gross anatomical differences in the OE as accounting for the impaired olfaction, we compared the cellular structure of the OE in wild-type and AQP4-null mice in paraffin sections stained with hematoxylin and eosin. Tissue morphology was indistinguishable between wildtype and AQP4-null mice (data not shown). The cell types in the OE include supportive cells, ORNs, and basal cells lining the basal lamina (25) .
AQP4 immunoreactivity was detected at various locations in the OE, outlining cell membranes (red staining; Fig. 4A) . No specific AQP4 immunoreactivity was seen in OE from AQP4-null mice. To assess cell-specific AQP4 expression, the OE was costained with OMP, a marker of mature ORNs (26) . OMP-positive ORNs were seen primarily in the basal-facing two-thirds of the OE (green staining; Fig. 4A ), where relatively little AQP4 staining was seen, suggesting that ORNs do not express AQP4. However, the proximity of the opposing membranes of neighboring ORNs and supportive cells precluded unambiguous identification of AQP4-expressing cell types.
Immunostaining was done on separated cells to determine definitively whether ORNs express AQP4. Cells were dissociated by brief enzymatic treatment of the OE and immobilized on glass coverslips coated with concanavalin A, which facilitates ORN attachment (27) . ORNs were identified by OMP (green) fluorescence and their characteristic elongated morphology. The left panels in Fig. 4B show low-magnification micrographs. OMP and AQP4 antibodies stained distinct populations of cells, with more than 90% of the OMP-positive ORNs being negative for AQP4. Many OMP-negative cells (supportive cells) expressed AQP4. The right panels in Fig. 4B show high-magnification views of a few cells. The top panels show an ORN (green) next to a supportive cell (red). The bottom panels show one rare example of a green-stained ORN that also expressed AQP4. These results indicate that AQP4 is expressed primarily in supportive cells rather than ORNs.
DISCUSSION
The principle finding of this study is impaired olfaction in AQP4 knockout mice, with reduced osmotic water permeability and odorant-induced excitation in the OE. This work was motivated by AQP4 expression in cell types involved in olfaction and the previously demonstrated neuroexcitation defects in AQP4 deficiency. Our results add to an expanding list of AQPassociated neuroexcitation phenotypes.
We used a previously validated olfactory behavioral test, the buried food pellet test (20, 21) and developed a new olfactory maze test. Whereas other olfactory tests have also been used in mice, including an odor discrimination test (27, 28) and a 2-nozzle drink test (29, 30) , these tests require pretraining, and so the results depend not only on olfaction but on other sensory and higher cortical functions. The odor discrimination and 2-nozzle drink tests require learning and memory inputs, and the 2-nozzle drink test examines the sense of taste and its associated pathways (facial and glossopharyngeal nerves) in addition to the sense of smell. Our olfactory maze test primarily examines smell because AQP4-null mice do not manifest motor defects and so can locomote normally to the target food pellet. The olfactory maze test uses a circular enclosure with symmetrical barriers and thus lacks visual cues to further isolate the test to olfaction. We observed improvements in performance with repeated testing in both olfactory behavioral tests, likely the result of learning and conditioning. We found significant impairment in olfaction in AQP4-null mice in both the buried food pellet and olfactory maze tests.
The EOG is a negative electrical potential recorded at the surface of the OE. Odorant binding to apical membrane receptors on ORNs open ion channels, resulting in cell depolarization. The EOG is thus related, in part, to the summated potentials generated by ORNs. Tetradotoxin application to the olfactory surface epithelium did not abolish the EOG (data not shown), which is consistent with previous data (23, 31) , suggesting a direct depolarization process involving G-protein/ion channel coupling. Supporting cells also contribute to the EOG signal by retarding the onset and decay kinetics of the EOG signal (32) . These nonexcitable supportive cells have strongly negative potentials at rest that change during the odor response (32) and are likely involved in extracellular space K ϩ buffering (33) . It is thus not possible from OE field potential recordings alone to determine the relative importance of defective ORN function and altered OE K ϩ buffering in AQP4 deficiency.
Similar to other excitatory tissues, such as the retina, inner ear, and cerebral cortex, AQP4 expression is largely confined to the supportive cells of the OE. Costaining of freshly isolated cells from the OE with antibodies against AQP4 and the ORN marker OMP showed AQP4 expression in supportive cells but in very few ORNs. Previous results in rats also showed AQP4 immunostaining in OE (14, 15) . AQP4 up-regulation and organization into orthogonal particles in the olfactory mucosa during early development was also shown previously (34) . Orthogonal arrays of particles are cobblestone-appearing macromolecular assemblies of AQP4 seen by freeze-fracture electron microscopy. The presence of AQP4 in orthogonal arrays of particles was initially shown in AQP4-transfected cells (35) and proven from their absence in AQP4-null mice (36) . The expression of AQP4 in supportive cells of the OE suggests that the defective olfaction in AQP4-null mice is the result of impaired extracellular space K ϩ buffering.
The ability to smell is critical in mice for suckling in early life (37) . Transgenic mice lacking the cyclic nucleotide-gated cation channel are believed to die within the first 2 days of life because they cannot locate the milk source (38) . These null mice manifest complete anosmia, with absence of EOG responses when stimulated with odorants. Consistent with their critical role in generating olfactory responses, cyclic nucleotide-gated cation channels were enriched in the cilia in olfactory neurons (39) . Our electrophysiological data shows attenuated, albeit intact, EOG responses in AQP4-deficient mice, which translates to functionally impaired olfaction.
It remains unknown how AQP4 deficiency impairs the excitatory function of the OE, as do the mechanisms responsible for altered neuroexcitation in hearing, vision, epilepsy, and cortical spreading depression. Altered extracellular space K ϩ buffering produced by interactions between AQP4 and the inwardly rectifying K ϩ channel Kir4.1 has been proposed to account for the neuroexcitation phenotypes in AQP4 deficiency, through recent patch-clamp analysis has provided direct evidence against AQP4-Kir4.1 functional interaction (40, 41) . Other K ϩ or ion channels may be responsible for the delayed reuptake of excess extracellular space K ϩ after brain neuroexcitation in AQP4-null mice (42) and ␣-syntrophin null mice, the latter manifesting AQP4 mislocalization (43) . Brain extracellular space expansion associated with enhanced solute diffusion was found in AQP4-null mice by cortical surface photobleaching (12) and microfiberoptic photobleaching (13) methods, and proposed by a volume dilution mechanism to contribute to the delayed K ϩ reuptake. Perhaps reduced water permeability in the OE in AQP4 deficiency, as demonstrated here, may be responsible for defective neuroexcitation function by a mechanism involving impaired cell volume responses. Alternative possible mechanisms include AQP4 interaction with key ion channels in ORNs, perhaps through PDZdomain interactions, and maladaptive regulation in AQP4 deficiency of other transporters involved in olfaction. Establishing the mechanisms linking AQP4 with neuroexcitation in olfaction presents a significant challenge, as it has in other excitable tissues. Although the data here support defective extracellular space K ϩ buffering as responsible for defective olfaction in AQP4 deficiency, they do not establish the link between AQP4 and K ϩ buffering.
Our study demonstrates incomplete anosmia as a new manifestation of AQP4 deficiency. It is not known whether AQP4 deficiency in humans is associated with anosmia. Because deficits in olfaction are not readily identified compared with deficits in other senses, we suspect that deficiency in AQP4 function because of AQP4 polymorphisms, although present, may be difficult to assess without a large clinical trial. Note that many cognitive disorders manifest alterations in olfaction with alterations in AQP4, including Down syndrome (44) , multiple sclerosis (45) , and schizophrenia (46) . It has been suggested that loss of AQP4 expression in response to reactive oxygen species in certain brain regions of Down syndrome may lead to cellular dysfunction and programmed cell death (47) , which may occur as well in the OE. Immunoglobulin antibodies against AQP4 are found in a form of multiple sclerosis, neuromyelitis optica (Devic's syndrome) (48) , which may contribute to demyelination in the optic nerve and spinal cord (49) . Whether this process occurs in the OE, leading to anosmia, is not known. Last, there is evidence linking the AQP4 gene locus with schizophrenia (50). If our purported mechanism of anosmia is supported in these diseases, it is intriguing to note that the OE, an easily accessible region, may be useful in the diagnosis and therapeutic testing of the aforementioned clinical disorders.
